Abstract
Introduction
The geometric correction of satellite imagery has been a pivotal topic since the launch of the first Earth observation satellite system in the 1960's. Various methods exist to perform geometric correction, such as georectification and georeferencing methods which focus on the horizontal position of image pixels. In contrast, orthorectification consider the pixel positional shift caused by the Earth's curvature and provides real ground coordinates (x, y and z values) for all pixels. The conditions and data sources to use when performing orthorectification on high-resolution satellite imagery to achieve a certain level of geometric accuracy are in literature well known, but in practice it is more difficult to meet all conditional requirements. An ortho-image is only as accurate as the input and reference sources used, such as the use of digital elevation models (DEMs) and ground control points (GCPs). The collection of suitable GCPs presents a significant problem, as existing sources of GCPs may not be publicly available. However, DEMs are either easily available as precise and fine scale products that can be obtained from commercial suppliers (e.g. Airbus Defence and Space), for example the WorldDEM™ product (12 m resolution) or available as public products such as (Rexes and Hirt, 2014 The theoretical basis to perform orthorectification on satellite imagery is well documented in the literature (Petrat and Eloff, 2014 , Maxwell et al., 2014 , Stampoulidis, 2014 . It is inevitable that remotely sensed imagery will inherit geometric distortions during data capturing, due to many influential factors that affect the positional accuracy of satellite imagery. Factors such as acquisition geometry, topographic properties of the image area, optical fidelity of the sensor and positional steadiness all play a vital role in the extent of geometric errors imbedded in remotely sensed imagery (Toutin, 2004 , Jacobsen, 2002 . Richards and Xiuping (2006) states that geometric correction, known as image rectification, rectifies positional distortions or errors in satellite imagery that are caused by sensor-Earth geometry variations. The application of image rectification entails the method of converting image coordinates to real-world coordinates on the Earth's surface (Yang and Williams, 1997) . Orthorectification is the process that eliminates the geometric distortions introduced during image acquisition caused by topographic relief, lens distortions and camera tilt. It produces a planimetric image that has a consistent image scale and which can be accurately registered to real-world map projections (Gao, 2008) .
Traditionally, orthorectification was a semi-automated process that required user inputs regarding the sensor platform, GCPs and terrain elevation to process the image data accurately using image processing software. However, with the recent development of newly designed sensor systems this traditional approach has changed dramatically. Automated orthorectification of imagery is now possible based on the comprehensive metadata embedded in remotely sensed data and by utilising new and improved sensor models and algorithms to process the image data (Hoja et al., 2008 , Jacobsen et al., 2005 , Toutin, 2006 . The modernisation of satellite systems brought about a new and improved dimension to the pointing accuracies of current and future generations of satellite systems (Petrat and Eloff, 2014, Dial and Grodecki, 2005) . Currently, orthorectifications are more and more performed by using rational polynomial coefficients (RPCs), elevation data and optional GCPs to achieve highly accurate ortho-images, due to the fact that not all 3 rd party image processing software have extended sensor model libraries to include all rigorous sensor models. The RPC method is a coordinate transformation that converts pixel coordinates of the satellite image to latitude and longitude coordinates relating to an elevation data source covering the same scene on the Earth (Okeke, 2010) .
This method of using RPCs (non-parametric approach) employs simpler empirical mathematical models, compared to using rigorous sensor models (parametric approach) which entails complicated mathematical modelling (Dial and Grodecki, 2005) . The non-parametric approach is usually followed due to the lack of suitable auxiliary data such as the non-availability of sensor specific parameters. However, when highly accurate ortho-images are required and auxiliary data are readily available, then the use of rigorous sensor models will be the most suitable option. Most ortho-image applications require very high registration accuracy. For instance, a registration error of less than 1/5 of a pixel will produce a change detection error of less than 10% and for measurement accuracies of less than 1 m (e.g. measurements of ice flow and cosmic ground deformation) even better registration accuracy is required (Leprince et al., 2007) . In practice, the acquisition of raw image data with detailed sensor information and sufficient elevation data to achieve high registration accuracy is not problematic. However, the collection of ground control points poses a significant problem when performing single frame orthorectification. The objectives of this paper are to compare the positional accuracies of ortho-images created by utilising two different GCP collection/acquisition scenarios: a) Firstly, using GCPs that were manually collected through fieldwork utilising a Trimble
GeoExplorer 6000 series handheld GPS receiver device (model: GeoXH 3.5G) and b) Secondly, using TerraSAR-X-based GCPs that were acquired from Airbus Defence and Space.
The study area identified for conducting the orthorectification tests was the City of Tshwane, which is located within the South African borders (Figure 1 ). The City of Tshwane area was deliberately selected to be the study area to perform the orthorectification tests, because this area is characterised by a diverse topographical layout with up to 375 m between the lowest and highest locations. This layout of the land ranges from mountainous areas to relative flat plateaus, characterised by typical urban activities and land uses. It also made logistical and economic sense to conduct the study close to where the researcher resides due to the required field data collection and verification activities. 
Datasets Applied

Satellite based image data
This study was conducted by utilising a Pléiades primary panchromatic image which was acquired from Airbus Defence and Space. This image has a spatial resolution of 50 cm and covers an area of approximately 400 km 2 . The Pléiades primary product can be described as the processing level closest to the natural image acquired by the sensor. This product restores perfect collection conditions, in other words, the sensor is placed in rectilinear geometry and the image is clear of all radiometric distortions (Airbus Defence and Space, October 2012). The primary product is based on the Digital Image Map (DIMAP) Version 2 structure and consists various auxiliary files (Panem et al., 2012) . The DIMAP format is a public format for describing geographical data.
Ground control points
GPS device based GCP collection
A manual collection of 25 GCPs were captured using a Trimble GeoExplorer 6000 series handheld (GeoXH 3.5G) device. The Trimble GeoExplorer 6000 series handheld GPS device uses both EVEREST and H-Star technology to obtain 10 cm accuracy during real-time operation or after post-processing (Trimble, February 2011).
South African TrigNet data were utilised to achieve extremely accurate GCPs after postprocessing. TrigNet consists of Global Navigation Satellite Systems (GNSS) base stations that are permanently and continuously in operation to record 1-second epoch data on both L1 and L2 GPS The distribution of the manually collected GCPs were pre-determined by identifying the precise locations on the Earth's surface where the GCPs need to be collected. This was done by evaluating the satellite based image data of the geographical area of interest in order to achieve a uniform distribution of GCPs covering the entire sample area (Figure 3) . The centre and four corners of the image were used as the starting point for determining the position of the GCPs. Post-processing of the GCPs consisted of differential correction by utilising the TrigNet Pretoria GNSS data as the base and reference provider. One-second epoch data were downloaded in Receiver Independent Exchange (RINEX) format from the TrigNet Web Application for the specific period during the capturing of the GCPs. The post-processing was performed by importing the data into the Trimble Pathfinder Office 5.6 software. 
TerraSAR-X collected GCPs
The TerraSAR-X satellite provides accurate and outstanding quality GCPs from space. The accuracy of these GCPs is achieved based on the TerraSAR-X orbit accuracy, the precise radar X-band beam, its high-resolution and location accuracy of the imagery, which is up to 0.25 m in range and azimuth for both Staring Spotlight and Stripmap products. In a study conducted by Hummel This study used the TerraSAR-X GCP-3 product. Airbus Defence and Space was requested to provide a random distribution of the 10 points that covers the entire 400 km 2 sample area ( Figure 5 ) to create a near ideal distribution for creating an ortho-image. (Table 1) . This is very good accuracy to achieve from multiple Stripmap acquisitions, which is equivalent to the stated TerraSAR-X GCP-1 product accuracy. 
Digital Elevation Model
The DEM used in this study was derived from LiDAR data collected over the entire City of Tshwane during August 2013 ( Figure 6 ). Figure 6 . DTM with 2 m spatial resolution created from LiDAR point data Captured at ± 8 observations per square meter using a Leica ALS50 sensor and thirty percent overlap, the point cloud returns were subsequently classified into ground and non-ground layers.
These classified x, y, and z measurements (ground and non-ground) formed the primary input when generating both a seamless 32-bit DTM and DSM base product at two meter Ground Sample Data.
This was achieved mainly by executing the well-known ANUDEM algorithm (Hutchinson, 2011) and other DEM quality enhancements, such as terrain filtering, interpolation and removing noise (e.g. spikes and sinks). It is stated in the ANUDEM Version 5.3 User Guide (Hutchinson, 2011) working with image data and performing orthorectification. To perform orthorectification using these types of software requires the application of specific photogrammetry tools and functions that consist of all important geometric sensor models to manipulate or alter input parameters and input sources as required (Chmiel et al., 2004) . For this study, the ERDAS IMAGINE 2015 image processing system was selected to perform the orthorectification tests, due to the fact of the extensive knowledge and skills acquired over numerous years in operating this system. This system includes all necessary transform and ortho-correct tools and functionalities as well as a Photogrammetry module to work with high-quality 3D data.
Orthorectification tests
The two scenarios described in Section 1 were executed by performing two orthorectification tests. Both tests were conducted by utilising a very high-quality elevation data source that was derived from a Light Detection and Ranging (LiDAR) point dataset to create the 2 m digital terrain model (DTM), described in Section 2.2.3.
Test 1 was executed by utilising 25 GCPs that were evenly distributed across the entire image scene and the elevation source, previously mentioned. The GCPs consisted of ground control that were collected with the use of a GPS device, as explained in Paragraph 2.2.1 and the location of the GCPs was predetermined to ensure an even and uniform distribution across the image.
Test 2 was executed using the already mentioned 10 TerraSAR-X based GCPs. These GCPs are also evenly distributed across the entire image scene and the same 2 m elevation source is used as in Test 1.
Both these tests utilised the Pléiades rigorous geometric model to perform orthorectification. This model is sensor specific and requires the input of internal and external orientation parameters which are distributed by image vendors in the form of image acquisition metadata that are usually included in raw image delivery packages or as an occupying file with certain processing level products. These types of sensor models can be described as 2D/3D physical and deterministic models that consists of complicated mathematical modelling algorithms for considering physical geometry components (Toutin, 2004) . These mathematical equations are based on collinearity equations, which include parameters for camera timing, alignment, focal plane and satellites altitude and ephemeris (Aguilar et al., 2008) . Collinearity equations (Liang et al., 2012) refer to a set of two equations to transmit sensor coordinates (2D) to object coordinates (3D).
The results of both these tests were analysed in terms of the RMSE achieved as well as based on measurements received from utilising the ERDAS IMAGINE 2015 Metric Accuracy Assessment 
Results and Discussion
Test 1 -Orthorectification utilising 25 manually collected GCPs
The RMSE achieved from performing Test 1 was measured at 0.632 m and the MAA report created for this test, indicates an accuracy of 0.718 m (Figure 7 ). 
Test 2 -Orthorectification utilising TerraSAR-X GCP-3 product
The RMSE achieved from conducting Test 2 was 1.61 m. The MAA tool indicates that an accuracy of 1.821 m was achieved (Figure 8 ). The fact that the majority of the 25 manually collected GCPs had a positional error of less than 50 cm CE85 (see Section 2.2.1 and Figure 4 ) compared to the 1 m of the TerraSAR-X-based GCPs (see Section 2.2.2) made a significant difference in the location accuracies of the ortho-images. When comparing the results of these tests, it is evident that both ortho-images were produced with a very high relative accuracy. However, there is a significant difference in the absolute accuracy between these images. Utilising more GCPs with higher accuracy and distribution, does create a more accurate ortho-image. A practical point that can be highlighted is that when it is suitable to collect well distributed GCPs manually over the project area then a very accurate result can be expected, yet it is also important to note that if it is not possible/practically to achieve the latter, satellite based GCP collection do provide a very good alternative.
Conclusion
This article studied the influence of two types of GCP collection methods on the accuracy of orthorectification based on the parametric approach. One collection was based on a manual field based GCP collection and the other satellite based collection. Both tests made use of the same elevation source, which allowed for determining the effect of the geolocation accuracy of the orthoimage based only on the GCP collection method, distribution and number.
The first test made use of 25 GCPs that were collected during fieldwork with the use of a GPS device. The locations of these GCPs were pre-determined through evaluating the sample area to acquire a uniform distribution of the entire area. The accuracy of these GCPs was determined to be 50 cm (CE85). The ortho-image produced from using these GCPs had a RMSE of 0.632 m and a geolocation accuracy of 0.718 m.
The second test was performed with the use of 10 GCPs, evenly distributed to cover the sample area, that were acquired from Airbus Defence and Space. The TerraSAR-X based GCPs used during this test are claimed to have a horizontal and vertical accuracy of 1 m (Airbus Defence and Space, 2016) . This test created an ortho-image with a RMSE of 1.609 m and a geolocation accuracy of 1.821 m.
